ABSTRACT We performed color Doppler flow mapping in 15 patients, 1 week to 17 years old (mean 42 months), with coarctation of the aorta that was confirmed subsequently by angiography and/or surgery. Twelve patients had native coarctation and three had mild recoarctation after surgical repair. Color Doppler flow maps were analyzed with a digital analysis package and a Sony computer system. The diameter in the region of coarctation from the color Doppler flow map (mean = 2.0 0.8 mm [SD]) correlated well with the coarctation diameter measured at angiography (mean = 1.8 0.8 mm; r=.83, SEE 0.43 mm) in the 10 patients with native coarctation undergoing angiography, but the coarctation diameter measured by two-dimensional echocardiography (3.9 ± 1.5 mm) was poorly predictive of the angiographic severity (r=.23). Additionally, spatial acceleration was seen in all patients proximal to the coarctation site, with an aliased and accelerating stream narrowing progressively as it proceeded toward the coarctation site, a pattern that is not seen in healthy subjects. Computer analysis of the color Doppler images provided pseudo three-dimensional and digital velocity maps for blue, red, and green (turbulent) flow velocities to allow an enhanced appreciation of the accelerating stream, easily separating this from normal desending aortic aliasing patterns. The narrowing of the acceleration area in the proximal descending aorta (distal/proximal acceleration zone ratio) was also predictive of the angiographic severity of coarctation (r = .83). The distribution of low-level turbulence seen proximally paralleled the distribution of the proximal accelerating stream. Highly turbulent flow distal to the coarctation was identified in all patients, continuing into diastole in the seven patients with increased diastolic flow velocities on continuous-wave Doppler images. Color Doppler flow mapping allows new observations of coarctation flow diameter, spatial aortic acceleration, and turbulence in the proximal descending aorta that enhance the noninvasive assessment of patients with coarctation of the aorta. Circulation 77, No. 4, 736-744, 1988. TWO-DIMENSIONAL echocardiography has been quite useful for the noninvasive assessment of patients with coarctation of the aorta1'2 and when high-resolution images are obtained many patients can safely undergo surgery without the need for a confirmatory invasive study. In normal newborn infants, however, mild isthmic narrowing is a common finding and confusion may arise in attempts to diagnose coarctation From the Divison
from the two-dimensional echocardiogram, especially when the ductus is still patent. Also, in older patients in whom image resolution is poorer because of the distance between the suprasternal notch and the descending aorta, accurate diagnosis and assessment of severity of coarctation may be difficult with imaging alone. Doppler ultrasound allows accurate measurement of flow velocities and prediction of pressure gradients across stenotic lesions3`14 and therefore it has been applied in patients with coarctation, but with varying results since coarctations are often tortuous and long-segment obstructions. 15 has been used most often to measure the pressure drop across coarctation of the aorta.19' 20 When continuouswave Doppler is used, the importance of recognizing the effect of the velocity proximal to the coarctation site on gradient estimation has also been emphasized2' and is of particular importance in patients with associated aortic stenosis in whom the proximal velocity may be significantly increased. However, it is clear that the pressure gradient measured across the coarctation site by continuous-wave Doppler or cardiac catheterization is dependent on a number of factors, including the shape and length of the obstruction, cardiac output, and the presence and extent of collateral flow and flow through a patent ductus arteriosus,22 and therefore the Doppler-derived pressure gradient, although potentially accurate, may over-or underestimate the actual degree of obstruction at the coarctation site. While spectral Doppler imaging can provide good temporal information and identify flow velocity patterns associated with coarctation under different hemodynamic circumstances,21' 22 the inherent sampling limitations of the technique (information is obtained from individual sample volumes) makes accurate evaluation of spatial information difficult. Color Doppler flow mapping23-25 allows a spatial map and temporal determination of flow velocities in relationship to the structural detail provided by simultaneous two-dimensional echocardiographic imaging. We therefore undertook this study to test whether flow mapping would allow accurate delineation of the extent of narrowing of the flow stream at the site of coarctation. Additionally, we evaluated whether the spatial and temporal flow information could delineate the complex flow relationships that exist both proximal and distal to the coarctation site to provide an improved understanding of the physiology of flow in the presence of coarctation to assist noninvasive investigation of this lesion. Patients With frame-by-frame video playback, a systolic frame displaying maximum color velocity aliasing proximal to the coarctation site was digitized into an 8-bit RGB matrix. A region of interest was chosen to include the proximal aliasing in red for flow away from the transducer in the aortic arch, flow extending to the coarctation site, and flow in the descending aorta distal to the coarctation (figure 2, A). Within the region of interest, the computer analysis provided a numerical velocity assignment for each pixel color component of red (toward), blue (away), and green (turbulent) flow, with velocity calibration obtained from the on-screen color bar. Two bits were available for blue flow, allowing a numerical velocity assignment of 0 to 3, and 3 bits were available for both red and green, allowing numerical velocity assignments of 0 to 7 ( figure 2, B) . Spatial velocity maps of the region of interest were then constructed for each color, allowing an assessment of regional flow velocities and change in velocity, or spatial acceleration and deceleration.
The spatial nature of the color flow Doppler velocity maps and the computer quantitation of velocity assigned allows appreciation of flow velocity and acceleration despite the presence of color aliasing associated with high-velocity flow. Aliasing of an accelerating stream flowing away from the transducer produces increasing numerical blue intensity assignments that switch immediately to decreasing intensities of red, beginning with a high-velocity red value. In figure 2 , the blue value rises to a peak and then the first aliased red value originates at a color intensity level of 4; it then decreases to a second alias from red to blue, with blue levels rising from 1 to 3 and a subsequent alias back to red, documenting continued acceleration. The number sequence with increasing values of blue and decreasing values of red characterizes an alias and is not seen in normal patients. Additionally, the separate color velocity assignments can be reconstructed into a semiquantitative pseudo three-dimensional display of red, blue, and green (turbulent) flow velocities (figure 2, C) in which the relative distribution and magnitude of the individual color velocities can more easily be appreciated.
From the digital computer analysis the onset and distribution of turbulence was assessed. The presence and onset of significant flow acceleration was arbitrarily identified from the first onset of aliasing (54 cm/sec) and a measurement was made of the length of the accelerating stream proximal to the coarctation site. Additionally, measurement was made of the width of the accelerating stream at its onset and immediately proximal to the coarctation site, including the second or other aliases. The ratio of acceleration width just before the coarctation (distal width), which was smaller than the denominator, the acceleration stream width at the point of first aliasing (proximal width), was calculated as the measurement of the extent of narrowing of the proximal accelerating stream (distal/proximal ratio). figure 3 ). However, there was a significant difference between the coarctation diameter at angiography and that measured by conventional two-CIRCULATION FIGURE 1. A, Color Doppler flow map from patient 12, who had severe coarctation. Note that the color flow diameter is extremely small at the coarctation site, indicating almost complete aortic obstruction, confirmed subsequently at angiography and surgery. In the descending aorta, there is aliasing to red and a second alias to blue proximal to the coarctation site, indicating the presence of proximal acceleration. B, Tissue echocardiographic and flow images from patient 2. The tissue (left) echocardiographic estimate of the coarctation diameter was 3.5 mm; the color flow (right) estimate was 2 mm. Angiographic size was 2 mm in this patient. dimensional echocardiography (1.8 ± 0.8 mm on the angiogram vs 3.9 ± 1.5 mm on the two-dimensional echocardiogram, p<.02) and a poor correlation (r=.23) between the two techniques.
Spatial acceleration and turbulent flow. Significant flow acceleration, with a long first alias and often a second or third alias throughout most of systole, was seen in the descending aorta proximal to the coarctation site in all patients. The onset of acceleration could be routinely and consistently identified by the onset of aliasing on color Doppler flow maps (see figure 1 ). Two infants studied by color Doppler flow mapping underwent surgical repair without cardiac catheteriza-X tion. Color flow diameter (1.7 and 2.0 mm) and acceleration narrowing ratio (0.3 and 0.37) both suggested significant coarctation, which was confirmed by magnetic resonance imaging and graded as severe coarctation subsequently at surgery.
Three patients with clinical evidence of mild resten-________________________, .osis after previous surgical repair were also studied. In With use of the computer-digitized color pixel analysis, green pixels of "turbulent" flow, not apparent on the visualized color image, were seen proximal to the site of coarctation, the onset of turbulence coinciding with the onset of flow acceleration and its distribution matching that ofthe accelerating stream proximal to the site of coarctation ( figure 2, B and C) .
The presence of grossly turbulent flow distal to the coarctation was easilyvisualized on color Doppler flow maps in all patients, even before computer analysis, as increased variance and a resulting mosaic color pattern on the images. Frame-by-frame analysis revealed prolongation of turbulent flow distal to the coarctation site into diastole in those patients with severe coarctation in whom increased diastolic flowvelocities greater than 1 m/sec were also identified by spectral Doppler imaging ( figure 5) . However, unlike with spectral Doppler However, with use of computer-enhanced analysis, turbulent flow was also apparent proximal to the coarctation and paralleled the onset of flow acceleration. The phenomenon of spatial acceleration occurring proximal to the coarctation site is of particular interest. Since spatial information cannot easily be obtained by conventional single-gate or continuous-wave spectral Doppler techniques, color Doppler flow mapping is required to appreciate this spatial flow acceleration. By our definition of the first onset of clearly and reproducibly identifiable angle-independent acceleration as the onset of aliasing, it is not surprising that there was no correlation between the length of the proximal accelerating stream and the anatomic severity of coarctation. Aliasing in the descending aorta is not uncommon at peak systole in normal subjects with velocities exceeding the Nyquist limit and its onset will, therefore, be dependent on the cardiac output, vessel diameter, and velocity profile, in addition to the transducer frequency, pulse repetition frequency, and the intercept angle. In healthy subjects, this acceleration is not associated with turbulence. Thus, with increasing cardiac output, the onset of acceleration is likely to occur more proximally since the aorta is once again parallel to the CIRCULATION imaging direction at the posterior end ofthe aortic arch. Likewise, many patients with suspected coarctation may have mild aortic valve disease with increased ascending aortic velocities. However, from the computer-digitized velocity assignment profiles, in patients with coarctation there is progressive continuing acceleration toward the site of narrowing, a phenomenon we have not seen in healthy subjects who demonstrate only short, variable, single-color aliasing in the proximal part of the descending aorta. Additionally, unlike the patients with coarctation, in whom the aliased accelerating stream progressively narrows, the aliasing in healthy subjects does not narrow, and indeed may even increase in width.
The degree of progressive narrowing of the accelerating stream, as measured by the ratio of distal and proximal width, accurately predicted the anatomic severity of the coarctation in our study. This was not merely a reflection of the distal acceleration width being measured immediately proximal to the coarctation site, since the narrowing ratio correlated better with the severity of coarctation than did the distal acceleration width alone. Distal acceleration aliasing width was slightly, but variably, smaller than the total flow diameter at the narrowest portion and the latter measurement also correlated extremely well with severity. Nonetheless, narrowing of the accelerating stream proximal to the coarctation appeared to be predictive of the anatomic severity of coarctation rather than just a function of the pressure drop across the coarctation, since it predicted the severity of coarctation in one patient with severe coarctation but with extensive collateral flow and a reduced pressure gradient, and in six patients with coarctation who still had patent ductus arteriosus. However, since the numbers of these patients were small and individual patients were not studied under varying hemodynamic conditions, further evaluation of this observation will be required.
Since the presence of a narrowing, accelerating stream in the descending aorta appears to be predictive of a more distal obstruction, it is suggestive of coarctation even in a patient such as the one we encountered in whom the coarctation site was not adequately imaged.
Accurate estimation of the severity of coarctation by color Doppler flow mapping, particularly measurement of the diameter of coarctation, is only possible with high-quality ultrasound images. Although color Doppler flow mapping will enhance the assessment of patients in whom conventional imaging techniques prove difficult, the quality of the derived information will be dependent on the patient's suitability for ultraVol. 77, No. 4, April 1988 sound examination. In addition, appreciation of the proximal acceleration, and more importantly its narrowing, is often difficult in real time, and subsequent frame-by-frame video analysis is essential in our experience. Furthermore, it appears that computer-enhanced digital analysis is valuable in the assessment of spatial acceleration, multiple aliasing, and the distribution of associated turbulent flow.
In conclusion, our study shows that the spatial appreciation of flow velocities in relation to structural detail provided by color Doppler flow mapping offers considerable advantage over conventional echocardiography and spectral Doppler examination for the evaluation of patients with suspected coarctation. As a result, this technique will enhance the noninvasive assessment of patients with coarctation of the aorta, and in conjunction with digital video computer analysis, will allow new observations of turbulence relationships and flow acceleration in these patients so that insight can be gained into circulatory events in the descending aorta in children and infants with coarctation.
